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Abstract
Threading intercalators are small molecules that bind to DNA by threading their side chains
through the DNA bases to intercalate their middle planar section between the DNA base pairs.
The high binding affinity and slow dissociation rates of threading intercalators have put them in
the class of prospective anti-cancer drugs. In this study we explore the binding of a specific
threading intercalator, a binuclear ruthenium complex ΛΛ-P (ΛΛ-[µ-bidppz(phen)4Ru2]4+) using
optical tweezers. A single DNA molecule is held at a constant force and the small molecules are
introduced to the system in various concentrations until equilibrium is achieved. Measurements
of DNA extension at various concentrations of ΛΛ-P as a function of time can be used to estimate
the DNA equilibrium binding affinity and binding kinetics for this molecule. Data analysis has
revealed that ΛΛ-P possess slightly lower binding affinity than the previously studied binuclear
ruthenium complex ΔΔ-P, which is a similar molecule varying only in the handedness of the side
chains. The binding kinetics suggests relatively faster and force independent off rates in contrast
to previously studied ΔΔ-P, which directly correlated to the locking mechanism of ΔΔ-P. These
findings suggest that the change in side chain chirality may have a significant effect on the binding
mechanism of small molecules to DNA.
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Introduction
Basis of Life: Deoxyribonucleic Acid (DNA)
Deoxyribonucleic Acid, abbreviated as DNA, is known as the basis of life. It has been studied
extensively for over a century and has led to further understanding of the development of all
living organisms. Gregor Mendel’s experimentation with plants in the 1850’s caused a spike in
interest relating to the study of genetics.1 In 1869, Friedrich Miescher successfully isolated a pure
sample of what is now known as DNA.2 In the 1920’s, Frederick Griffith formed the idea that DNA
was the molecule responsible for inheritance.3 Experiments done by Oswald Avery in the 1940’s
verified this theory.4 In 1929, Phoebus Levene identified that DNA molecules are made up of 3
components; phosphate, sugar (deoxyribose), and the four nitrogenous bases as shown in Figure
1 (Adenine (A), Cytosine (C), Guanine (G), and Thymine (T)).5
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Figure 1: The four nucleotide bases. From left to right: Adenine, Thymine, Guanine, and Cytosine

Levene said that the components were linked in the particular order phosphate-sugar-base and
that these units were nucleotides. He also suggested that the DNA molecule was a string of
nucleotides linked together through a base of phosphates known as the “backbone”. Levene also
believed that these four bases came together to create a tetra-nucleotide that repeated
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throughout the DNA molecule.5 In 1951, Erwin Chargaff proved this to be an incorrect
assumption. By comparing amounts of the four bases found in DNA samples, he concluded that
adenine and thymine were in similar amounts, as well as guanine and cytosine.6 This led to the
creation of Chargaff’s Rule of DNA base pairing; that adenine pairs with thymine and guanine
pairs with cytosine (Figure 2).
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Figure 2: DNA base pairing as explained by Chargaff's rule. Adenine and Thymine pair (Right), Guanine and Cytosine pair (Left).

The next critical step in DNA research, and perhaps the most famous, is the discovery of the
double helix structure made by James Watson and Francis Crick in 1953. Using X-ray images taken
by Rosalind Franklin and Maurice Wilkins, Watson and Crick concluded that a DNA molecule had
the structure of a twisted ladder (Figure 3), the rungs of which were the bases of a nucleotide.7,8

5’

3’

5’

3’

Figure 3: Double helix structure of the DNA molecule as described by Watson and Crick.
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The symmetry achieved by creating the molecule with only AT and GC pairs supported the pairing
predicted by Chargaff a few years earlier. It was also observed that hydrogen bonds are formed
between two different base pairs. The complete double helix DNA structure consisted of a
negatively charged deoxyribose sugar-phosphate backbone, which twisted in a way to create a
major and minor groove pattern.9 Most commonly, DNA is a right handed molecule, has a
diameter of 2 nanometers and a base pair separation of 0.34 nanometers. The angle of its
rotation results in the structure repeating every 10 base pairs.9

DNA Transcription and Replication
All living things are composed of cells which need to be constantly created in order to replace
older, dead cells. Cell creation and death is also very important for an organism to be able to
undergo any growth or development. DNA replication is the process responsible for the
inheritance of genetic information from parent cells. In order for cells to be replicated, the double
stranded DNA molecule must be unwound and separated by the helicase enzyme (Figure 4).

5’
Helicase

3’

5’

DNA Polymerase
3’

Figure 4: Simplified model showing the process of DNA replication.
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DNA polymerase then moves along each single strand to read genetic information in order to
make a copy. More specifically, since the DNA polymerase can only move in one direction, one
of the single strands is processed in looped fragments known as Okazaki fragments.10
Transcription is the process by which genetic sequences of DNA are copied to create RNA. This
involves the production of a complimentary RNA copy of the DNA. RNA polymerase binds to DNA
and the unwinding process creates what is known as a transcription bubble, where the
transcription is undergone (Figure 5).11

Rewinds

DNA

Unwinds

DNA

RNA Polymerase

RNA

Figure 5: Simplified model showing the process of RNA transcription.

During this process an anti-parallel RNA strand is created. The thymine nucleotides on the DNA
are replaced with the RNA nucleic acid Uracil and the RNA is labelled as either mRNA (messenger),
rRNA (ribosomal), or tRNA (transfer) depending on its intended purpose. The created RNA
molecules help synthesize, regulate, and process proteins which perform almost all work done in
the cell.11
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Small Molecules Interacting with DNA
Chemical compounds with molecular weight under 900 daltons (~10-24 kg) are known as small
molecules. Small molecules can bind to DNA and interfere with processes like transcription and
replication,12,13 which makes them good candidates to combat diseases that involve rapid
replication and transcription like cancer and AIDS. Small molecules are able to bind to DNA both
covalently and non-covalently. Since our lab seeks reversible bonds, this work will focus on
molecules that bind to DNA non-covalently. Non-covalent binding modes can be placed in three
major categories; groove binding, single strand binding, and DNA intercalation (Figure 6).

Intercalation

ssDNA Binding

Groove Binding

Figure 6: Illustrations of the three main types of non-covalent binding. Intercalation (Left) involves a
planar section of the small molecule (yellow) stacking between double stranded DNA. ssDNA binding
(Middle) involves small molecules (yellow) bound to melted single stranded DNA. Groove binding
(Right) involves the crescent shaped small molecule (yellow) fitting into the DNA groove.

The compounds studied in these experiments are of the intercalating group and will therefore be
the focus of this discussion. Intercalators are comprised of a planar section that can insert or
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intercalate between the base pairs of DNA. This process lengthens the DNA molecules as the flat
portion stacks with the DNA base pairs. Ultimately the process alters the structure of the DNA
molecule and stabilizes it.14 Classical intercalators have their planar section readily available to
stack between the DNA bases, therefore they can bind and unbind very quickly (on the order of
micro to milli seconds).

But for certain intercalating molecules the flat planar section is located in the middle of the
compound. In this case the insertion of the planar section of
the molecule may be impeded by bulky side chains. This
introduces a subset of intercalating complexes, called
threading intercalators (Figure 7). In order for the planar
section to stack between the base pairs, the hydrogen bonds
between some of the base pairs must break in a process called
melting. This allows the bulky side chains of the intercalator
to thread through the unpaired bases.14 Once this occurs the
DNA strands come back together and reform their hydrogen

Figure 7: Illustration of threaded
intercalation. Top molecule has already
threaded through and has now stacked
between reannealed base pairs. Bottom
molecule is still in the process of threading
(base pairs can still be seen as separated).

bonds.

Why Ruthenium Complexes?
Platinum based compounds, most notably cisplatin, are known to behave as antineoplastic
agents by reacting with DNA molecules in the human body.13 Due to the success of cisplatin,
various other transition metals have been researched and show similar potential. Originally
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introduced in 1984, ruthenium complexes have been involved in the production of small DNA
binding molecules.15 Researched as potential anti-tumor compounds, ruthenium complexes have
behaved more favorably than the currently used
therapeutic drugs and have already entered
clinical trials for that purpose.16,17 We are
interested in measuring the binding of such
complexes in order to better understand how
differences in structure influence the kinetics and
thermodynamics of DNA binding.

Figure 8: Chemical structure of a previously studied
mononuclear ruthenium complex Δ-P.

Among these

mononuclear ruthenium complexes (complexes with one ruthenium atom based), one of the
most promising designs was that of Δ-[Ru(phen)2dppz]2+ (colloquially referred to as Δ-P) which
showed high affinity to DNA (Figure 8). The structure of this molecule has a flat intercalating
moiety dipyridophenazene (dppz) and two phenanthroline (phen) side chains, which look like
two right handed propellers (Figure 9).

Figure 9: Three dimensional representation of the molecules discussed above to aid in understanding of
chirality. A left-handed chiral molecule (left) and a right-handed chiral molecule (right).
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The

handedness

of

the

molecule can be defined by the
direction in which the upper
most side chain points when
being viewed with the planar
section held in a horizontal
plane facing away from the
observer. The handedness of
the molecule is also referred to

Figure 10: Molecular models constructed to aid in the understanding of
chirality. Chirality of these molecules is based on the direction in which the
upper most side chain points when being viewed with the planar section
facing away from the observer. A left-handed chiral molecule (Λ) can be seen
on the left and a right-handed chiral molecule () on the right.

as its chirality. Figure 10 shows two physical models of both the right and left chiral variations of
the molecule discussed above.

Binuclear Ruthenium Complexes
Based on their high affinity to DNA, two of these molecules were chemically linked at the dppz
moieties to create a binuclear ruthenium complex (Figure 11). As previously described, this
dumbbell shaped molecule must now thread its bulky side chains through the DNA base pairs in
order to allow the middle planar section to intercalate. This process requires opening up the
base pairs.18 Because of this, binuclear ruthenium complexes are known to possess extremely
slow DNA dissociation kinetics making them a great candidate for this therapeutic application.19
Slow dissociation ensures the molecules stay bound to DNA long enough to have an effect on the
transcription process. Further modification can then be made to create various binuclear
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ruthenium complexes, such as replacing some or all of the remaining phen side chains or altering
the intercalating moiety.20

Side Chain Chirality
The main goal of the research presented in this thesis is to examine the effect of side chain
chirality on the binding of binuclear ruthenium complexes to DNA. The complex used in this study
was the binuclear ruthenium complex -[µ-bidppz(phen)4Ru2]4+, which will further be referred
to as -P (where  denotes a left chiral molecule). As the name implies, this complex consists
of two ruthenium nuclei surrounded by bulky phen sidechains. These are then bridged together
by a flat planar section in the middle of the molecule composed of dppz. In short, the exact
chemical structure as ΔΔ-P discussed earlier except for the change in chirality of the side chains
(Figure 11).

Figure 11: -[µ-bidppz(phen)4Ru2]4+ (-P), the binuclear ruthenium complex that was used in
this study (Top). ΔΔ-[µ-bidppz(phen)4Ru2]4+ (ΔΔP), the similar complex that has previously been
studied. Note the only difference between them is the chirality of their phen side chains.
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Single Molecule Technique – Optical Tweezers
In the past, these complexes have been studied using traditional bulk methods, in which samples
are used to quantify reactions based on their collective behavior. There are now established
methods that allow researchers to probe biological samples one molecule at a time. These single
molecule techniques have hastened this process while still providing precise quantitative results.
Optical tweezers are one of these single molecule techniques and have been used for various
purposes since their creation in 1987.21 The importance of this technique is made apparent by
the presentation of the 1997 Physics Nobel Prize awarded to Steven Chu, Claude CohenTannoudji, and William D. Phillips for their work in this field. Although Chu utilized this technology
to further pursue his goal of cooling and trapping atoms, Arthur Ashkin found purpose in the field
of biology.22 In the late 1980’s, Ashkin and fellow researchers used optical tweezers to trap
individual viruses and bacteria.21 This new application involved the use of infrared lasers which
do not heat biological materials like those of other wavelengths. More recently, biophysicists
Steven Block and Carlos Bustamante pioneered the use of optical trap force spectroscopy to
study molecular-scale biological samples.23,24
In this study we use dual beam optical tweezers to characterize the binding of the binuclear
ruthenium complex -P. In a dual beam optical tweezers setup, two counter-propagating laser
beams are focused with the help of two microscopic objectives to a single focal point to create
an optical trap.25 Particles on the scale of nm to μm can then be caught and manipulated by the
trap, which measures forces on the scale of pN.25 In our experiments we will use dual beam
optical tweezers to trap tiny polystyrene beads (diameter ~ 5 microns), which will eventually be
used to tether and manipulate a single DNA molecule (more detail given in methods section).
16

The Physics behind Optical Tweezers
As long as the diameter of the trapped particle is considerably larger than the wavelength of the
beam, the physics of the trapping can be explained using ray optics. Since the bead is an optically
denser medium than the surrounding solution, the beam is refracted towards the normal. The
refraction of light due to this change in medium results in a net momentum change on the
photons in the beam. The law of conservation of momentum states that the bead then must
undergo an equal and opposite change in momentum. This force is known as the scattering force
and it moves the bead in the direction of the beam, slightly downstream towards the focal point
of the objective. This can be simply illustrated in the case of the bead being centered about the
optical axis of the objective (Figure 12).

Momentum Change

Momentum Change

-Initial

-Initial

Final

Final

Net Force on Photons

Net Force on Bead

Figure 12: Illustrated explanation of the trapping force on the bead when it is centered about the optical axis. Red
and blue vectors represent symmetric laser rays emerging from the objective and refracting through the optically
denser spherical bead. This causes a momentum change on the photons travelling along the beam as explained
with the red and blue vector diagrams (top inset). This momentum change results in a net force being applied to
the photons (bottom left inset). This in turn results in an equal and opposite force on the bead (bottom right inset).
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When the bead is not centered about the optical axis of the objective we must refer to the
properties of the laser to explain the trapping. There is a very strong electric field gradient at the
waist of the beam, its narrowest point, when focused with an objective. Dielectric particles are
attracted towards the area of the strongest electric field, moving them towards the center of the
beam. This is known as the gradient force (Figure 13). However, in a dual beam setup consisting
of counter-propagating beams, the scattering forces cancel each other out.25

Net Force on Photons
Gradient Force
Scattering
Force
Net Force on Bead

Figure 13: Illustrated explanation of the gradient force exerted on the bead. Both red colored arrows represent laser
rays, but the one from the center of the laser possesses greater intensity due to the Gaussian profile of the beam.
As discussed in Figure 12, the beam is refracted through the optically denser bead and this results in a net force on
the photons. Since the momentum change in the more intense beam is going to be higher, the net force is going to
be at an angle as shown in the upper inset. The force acting on the bead will be equal and opposite and will now
have both a vertical and horizontal component as shown in the lower inset. The horizontal component (gradient
force) pulls the bead towards the optical axis and the vertical component of the force will push it towards the trap.

18

DNA Stretching with Optical Tweezers
In order to study DNA-drug interactions at the single molecule level, it is necessary to first study
the manipulation of DNA molecules and their mechanical thermodynamic properties.25 In our
optical tweezers set-up, finely focused laser beams are used to trap microscopic beads and a
single DNA molecule is chemically attached to these beads inside a flow chamber (details
explained in the methods section) .25 This process allows for controlled manipulation of single
DNA molecules. The flow chamber is housed on a computer controlled transition stage, which
can be moved to stretch the DNA molecule. In our experiments we stretch the DNA and measure
the tension as a function of the extension. We estimate the force felt by the DNA based on the
magnitude of the beam deflection by steering them to a position sensing detector. The beam is
deflected based on the movement of the bead in our trap caused by the tension provided by the
tethered DNA. This allows us to measure force as a function of extension. DNA stretching curves
(allow us to understand the thermodynamics behind the DNA melting process.26
Figure 14 shows a Force-Extension curve obtained while stretching a DNA molecule. The different
sections of the stretching curve can be broken up into four regimes: the entropic regime, the
elastic regime, the overstretching transition, and the ssDNA regime. 27 Each displays its own
relationship between the extension experienced and force applied due to the state of the DNA
molecule during that moment. The entropic regime (red region shown in Figure 14) shows an
unraveling of the molecule as it is pulled taught, requiring minimal force. As the extension
reaches that of the dsDNA contour length, the back bone resists further stretching and acts
similar to an elastic, causing an increase of the force needed for further extension (green region
shown in Figure 14).
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Figure 14: Bare DNA stretch and release with regimes highlighted in different colors. The entropic regime
(red), the elastic regime (green), the overstretching transition (blue), and the ssDNA regime (yellow). The
initial stretching curve is shown by the open circles, while the dashed line represents the relaxation.

This region is known as the elastic regime. The overstretching transition (blue region shown in
Figure 14) shows significant extension with almost no change in force. This section marks the
disruption of DNA base pairing and stacking interactions (DNA melting), therefore this transition
is also known as the force induced melting transition.27 We believe that this regime represents a
phase transition from dsDNA to mostly ssDNA. Because of this, we now have essentially two
strands of DNA (the melted ssDNA) behaving elastically once again.27 This final regime is known
as the ssDNA regime (yellow region shown in Figure 14). Once a DNA molecule is stretched to
this extension, it can be released and observed to follow the same path back (gray dashed line in
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Figure 14). Some hysteresis may occur due to the DNA molecule relaxing too quickly, which does
not give base pairs enough time to reanneal.

Polymer Models that Describe DNA Molecules
Both double stranded DNA (dsDNA) and single stranded DNA (ssDNA) can be characterized by
two polymer elasticity models; the worm-like chain (WLC) and the freely jointed chain (FJC). The
WLC model is used to describe stiff polymers and therefore is a good model for dsDNA.14 It
assumes a smooth distribution of bond angles. 28

O

(s)

(s)

Figure 15: Illustration of the type of polymer described by the worm-like chain model.

The tangent vector 𝑡⃗(s) at position 𝑟⃗(s) a distance s along the polymer chain can be expressed
as:28
𝑡⃗(𝑠) =

𝑑𝑟⃗(𝑠)
𝑑𝑠
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(1)

In our experiments we will be applying force to DNA molecules by stretching them, creating
tension within the DNA. The WLC model can be modified to obtain the dsDNA length 𝑏𝑑𝑠 with a
tension force F applied. An approximate solution can be made when dealing with high forces. 29

1

1 𝑘𝑏 𝑇 2
𝐹
𝑏𝑑𝑠 (𝐹) = 𝐵𝑑𝑠 [1 − (
) +
]
2 𝑃𝑑𝑠 𝐹
𝑆𝑑𝑠

(2)

Where 𝑃𝑑𝑠 is the persistence length, 𝐵𝑑𝑠 is the contour length of DNA, and 𝑆𝑑𝑠 is an attached
stretching modulus to account for backbone extensibility. Persistence length is a measure of a
polymers flexibility and is defined as the distance one can move along the polymer without
changing direction. Contour length is defined as the length of the polymer when at its maximum
non-stretched extension.

On the other hand, the FJC model represent more flexible polymers like ssDNA. It assumes
polymers to be a chain of independent monomers that are connected at various bond angles. An
equivalent expression for the observable length of ssDNA while under a tension F can be written
as:30

2𝑃 𝐹

1

𝑘 𝑇

𝐹

𝑏𝑠𝑠 (𝐹) = 𝐵𝑠𝑠 [𝑐𝑜𝑡ℎ ( 𝑘 𝑠𝑠𝑇 ) − 2 (𝑃 𝑏 𝐹)] [1 + 𝑃 ]
𝑏
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𝑠𝑠

𝑠𝑠

(3)
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5

Figure 16: Illustration of the type of polymer described by the freely jointed chain model.

The models described above are shown in the DNA stretching curve below (WLC model in green
and FJC in Blue) and validate the assumption of DNA force induced melting during the over
stretching transition (Figure 17).
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Figure 17: Plot of a DNA stretch (open circles) with theoretical model describing dsDNA known as worm-like chain
model (green) and theoretical model describing ssDNA known as freely jointed chain (blue) clearly indicating that
the overstretching transition is indeed a phase transition from a dsDNA to ssDNA dominant molecule.
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Methods
The Dual Beam Optical Tweezers Set-up
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Figure 18: Overhead schematic of the optical tweezer setup used to complete our experiments. A single beam is split in two in
order to create a dual beam optical trap.

The above figure (Figure 18) shows the schematic of the dual beam optical tweezers used in our
experiments. Our design consists of a single laser (833 nm, 275 mW) which is split into two
separate beams using a beam splitting cube. These beams then travel equal distances to arrive
at two microscopic objectives. An integral part of this design is the control we have over the
polarization of the light. Our laser is set to emerge with and will maintain linear vertical
polarization which allows us to manipulate its path and alter its polarization when necessary.
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Once the main beam is split, the two separate beams follow a similar path. After reflecting off
laser line mirrors, they encounter the first polarizing beam splitting cubes. These cubes contain
an angled surface that will only reflect light of a particular polarization and will allow all other
light to pass through. The first set of polarizing beam splitting cubes are set to reflect the vertically
polarized light so that the beams are directed towards the objectives. They then pass through
another polarizing beam splitting cube which is oriented differently so that the vertically
polarized light can be transmitted through. They are then sent through a quarter wave plate
which alters the polarization of the light, causing it to be circularly polarized. The two circularly
polarized beams then pass through the objectives and into the flow cell where they counter
propagate, creating an optical trap. They then exit the objectives and pass through another
quarter wave plate which returns their planar polarization at an angle 90⁰ different than the
original polarization (horizontally polarized). This causes the beams to be reflected by the cubes
they initially passed through, sending them vertically upward into the position sensing detector.
However, the cubes are not perfect and allow just enough light through to be picked up by the
cameras, making it possible to see the laser spot on screen.
An unpolarized light source is used to illuminate all activity in the flow cell. Its lack of polarization
allows it to pass through all polarized beam splitting cubes.

25

Safety and Training
Performing the necessary experiments is a very involved process and therefore requires a great
deal of training. The experiments described here were done in collaboration with Williams Lab at
Northeastern University as part of a larger collaboration project in understanding the interaction
of small molecules with DNA. As a first step towards operating the optical tweezers set-up, laser
and hazardous chemical online safety courses were completed to fulfill the requirements of
Northeastern University. We continued with training involving the tools utilized every day to
operate the optical tweezers setup for our experiments. This included the alignment of optics,
operation of appropriate software, creation of the flow cell, and usage of several biochemistry
tools (Nanodrop, micropipettes, and filters etc.).

Preparation of Biomaterials
In order to begin the experiments, the proper biomaterials must be prepared. First, a buffer
solution is needed to imitate the conditions found within the body’s cells. The buffer solution
used in these experiments was a 100 mM salt concentration (Na+) with 10 mM Tris buffer. This
was made by combining 5.885 g of Sodium Chloride (S3014 from Sigma-Aldrich), 10 ml of 10 mM
Tris buffer (AM9856 from Ambion), and 990 ml of Milli-Q water (water that has gone through a
system of deionization and filtration by checking the resistivity to be 18.2 M cm). The solution
is then filtered and tested to have a pH of 8.0.
The drug stock solution (~360 μM) sent by our collaborators from Chalmers University in Sweden
(Dr. Fredrik Westerlund and Dr. Per Lincoln) was initially diluted with buffer by a factor of 10. The
absorption of this diluted drug solution at 412 nm was measured using the Nanodrop and the
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concentration was estimated to be 32.7μM based on Beer’s law. This dilution was used to make
the required experimental concentrations daily. Upon returning in the summer of 2016,
absorption of the stock drug solution was re-measured and calculations were adjusted based on
these new measurements.
The Streptavidin-coated polystyrene beads (microspheres with mean diameter 4.95 m) used
were obtained from Bang Laboratories, Inc. The DNA used in experiments were viral DNA named
lambda phage (46 500 base pairs) and were obtained from New England BioLabs, Inc. The DNA
molecules were labeled at opposite strand ends with biotin (also obtained from New England
BioLabs, Inc.). This labelling was done by Dr. Micah McCauley (Senior Research Scientist) at
Williams Lab, Northeastern University.
2μL of beads and DNA are taken from their respective stock solutions and mixed with ~2mL of
buffer for daily use. In addition, daily/weekly intermediate drug solutions were made to draw
from for individual experiments. For our purposes, these are in the range of 100-500 nM
depending on which experimental concentration is needed. The intermediate solution was done
for multiple reasons: to reduce the size of the step down from the concentration of the stock
solution to the experimental concentrations, to reduce the amount of time spent handling highly
concentrated solutions, and to avoid having experimental concentrations made for long periods
of time. Lower concentrations of drug solution were very fragile, especially in light, and can easily
fall out of solution, affecting the accuracy of concentrations used in experiments.
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Flowing the Biomaterials during the Experiments
All of these biomaterials are added to the proper biomaterial reservoir (Figure 19) and pressured
into the flow cell with the help of an electrically controlled solenoid system (Figure 19). The
biomaterial reservoir is a system composed of separated tubes (15ml) that act as temporary
storage for biomaterials that will be used in experiments. These tubes are connected with airtight
tubing to the solenoid system, which is coupled with an air compression system. The previously
mentioned electrical control allows researchers to choose which tubes receive air pressure with
a set of switches. Each tube has an outlet at the bottom that is connected to the inlets of the
flow cell with tubing (0.020” ID and 0.060” OD, 06418-02from Cole Parmer). These tubes were
glued with a UV optical adhesive (6801 from Norland Products) and dried under UV exposure.

Figure 19: The biomaterial reservoir (left) and the flow control system (right) used in the optical tweezer setup at
Bridgewater State University. Both of these are almost identical in design and function to those used at
Northeastern University during the duration of this project.
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The Flow Cell
The flow cell (Figure 20) is where the DNA is trapped and the experiments are performed. It has
an air tight canal that allows biomaterials to be flown through. The flow cell itself is composed of
a custom machined Plexiglas spacer, which is sealed by two glass cover slips (30 X 22 mm
#1,12545A from Fisher Scientific) with the help of the UV optical adhesive mentioned in the
above section. A borosilicate glass micropipette (TIP1TW1 from World Precision Instruments) is
positioned through the hole in the spacer, such that its tip is centered in the canal. The
positioning of this micropipette is carefully done by hand with the use of a microscope and glued
to the flow cell using the UV adhesive. Tubing (0.050” ID and 0.090” OD, 06418-05 from Cole
Parmer) is used to connect the micropipette to a larger syringe to supply suction when needed.

Figure 20: The flow cell design used throughout this project consists of a micropipette inserted
through the top into the middle canal. The middle canal has four inlets to flow buffer, beads, DNA and
drugs into the flow cell and one outlet to collect all the flow out of the flow cell.

There are four separate tubes (0.011” ID and 0.024” OD, 64-0751 PE10/100 from Warner
Instruments) that lead into the flow cell: one for buffer, polystyrene beads, DNA, and the drug
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solution. At the other end there is only one tube (0.045” ID and 0.062” OD, 63018-747 from VWR
International), leading out of the flow cell into the waste container.

Daily Laser Alignment
Each data taking opportunity desirably lasts at least 6 hours due to the long preparation process.
Each day, the laser must be turned on and allowed to stabilize which can take up to an hour.
During this time, the previously assembled flow cell and biomaterial reservoir system is flushed
clean and filled with a premade buffer solution. Then the cameras and flow cell illumination
system can be turned on as well, which allows an image of the experimental area to be magnified
and displayed on a screen for the researcher’s use. Once the laser has reached maximum power,
a power meter is used daily to read the power of each beam. The beam expanders of each laser
path may need to be slightly adjusted to maximize laser power for that day’s experiments. Basic
alignment of the instrument is the next crucial step in the process. Together, the position of the
laser detectors and piezo controller that controls the microscopic objectives are adjusted to align
the two counter propagating beams as best as possible. Fortunately, between the two summer
sessions needed to gather the data for this study, the lasers originally used were upgraded to a
single fiber laser. This drastically decreased the time needed for warm up and daily alignment,
hastening the data taking process.

Trapping a Single DNA Molecule
As discussed earlier in the biomaterials section, streptavidin coated polystyrene beads mixed
with buffer is added in the reservoir tube labeled “BEADS”. A single bead is caught in the trap
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and attached to the micropipette tip in the flow cell by suction. A trap-stiffness test is done by
moving this bead across the trap to ensure the beams are aligned in both the x and z directions.
Once we trap another bead by laser, the bead attached to the tip is brought right next to the one
in the trap to ensure they are on the same plane. After rinsing the excess beads out of the flow
cell, biotin labeled DNA is sent through the flow cell at very low pressure (<< 1 psi). The biotinstreptavidin reaction causes a single DNA molecule to become chemically attached to the bead
still trapped by the laser. These two chemicals together create a lock-and-key mechanism, which
is one of the strongest non-covalent interactions known in nature, surviving fluctuations in both
temperature and pH (Figure 21).

Streptavidin

Biotin

Streptavidin-Biotin Complex

Figure 21: Illustration showing the lock and key mechanism between streptavidin and
biotin that allows the DNA molecules to be chemically attached to the trapped beads.

The other end of the DNA will be floating in the flow. The bead attached to the pipette tip is
moved around to fish for this free end of the DNA molecule (Figure 22). Only 2 nm in diameter,
the single DNA molecule cannot be seen under the magnification used during these experiments.
In order to recognize that it has been successfully tethered between two beads, a small tension
must be recognized. This is done by noticing that the bead in the trap can be tugged slightly out
of position when the micropipette is moved. Finally, the excess DNA is the flow cell in flushed
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out with the help of the buffer solution. An actual image of inside the flow cell can be found in
Appendix A.

A

B

C

D

Figure 22: Illustrations showing the different stages of trapping beads and catching DNA molecules as
described above. (A) First a single bead is caught in the optical trap. (B)The micropipette is used to grab that
bead and another is caught. (C) A single DNA molecule is tethered to the trapped bead. (D) Finally, through
controlled motion of the flow cell, the suctioned bead is attached to the other end of the DNA molecule.

Stretching DNA Molecules
The tethered DNA is then stretched by moving the piezo controlled stage to ensure that it is a
good candidate for a full experiment. Typical DNA stretching is done by moving the stage by a
100 nm step and measuring the force exerted by reading the deflection of the laser in each
detector. This stretch is recorded and graphed by LabWindows software by communicating
through the NIDAQ (National Instruments Data Acquisition) card which is installed on the
computer and connected to the stage controller and detectors (for every force, 1000 readings
are obtained from the detector and averaged before recording). Criteria for a good candidate
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includes the verification of having a single DNA molecule tethered between the beads, not
breaking, not being pre-melted (not showing large hysteresis while relaxing) by residual drug
molecules in the cell from previous experiments, or being damaged in any other way. This can be
easily judged based upon the shape of the stretching curve and the overstretching transition
length. Once a good candidate is discovered, the experiment can begin.

Constant Force Drug Experiments
As discussed in previous sections, binuclear ruthenium complexes are threading intercalators.
This binding mode causes them to possess very slow binding kinetics. As a result, quickly stretchrelax cycles mentioned in the above section would not allow enough time for the drugs to
properly bind and reach equilibrium. Therefore, experiments are designed to hold the DNA at a
constant force while the drug molecules associate, reach equilibrium, and dissociate. Initially
during the constant force measurements, the stage moves quickly to reach a DNA extension that
corresponds to the target force while flowing the drug molecules into the flow cell at the desired
concentration. As drug molecules bind to the DNA, it is extended which causes the force to
decrease. The stage then moved through a force feedback loop to maintain the target force. This
allows us to collect data describing the extension of the DNA molecule as function of time at that
particular force. These constant force experiments run on the order of minutes, but the exact
time is dependent on force and concentration. The constant force measurement program
responsible for the motion of the stage requires three input parameters in order to run. First, a
target force must be specified. This is the constant force that the DNA molecule will be held at
during the experiment. The second parameter is the number of pause iterations, which
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essentially defines how long the experiments will run. Higher concentrations result in a longer
dissociation time and there may require an increase in pause iterations. The third parameter is
the force threshold that determines how much slack the program allows in the DNA strand before
the force in adjusted. Again, in high concentration experiments this value is made finer because
the drug molecules bind more quickly and extend the DNA at a faster rate. This results in more
slack and causes a less precise target force. Drug solution is flown into the cell at a steady rate
while obtaining the constant force measurements until equilibrium is reached. The flows are then
switched to send buffer into the cell, washing the drug molecules off of the DNA to measure the
off rate of the drug.
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Results
Quantifying the binding of Binuclear Ruthenium Complex ΛΛ-P
During this project, the interaction of binuclear ruthenium complex ΛΛ-P with DNA was explored
using constant force experiments explained in the methods section. Constant force experiments
were completed for two sets of forces: 20 pN and 30 pN. Drug molecules in five varied
concentrations were allowed to bind to DNA and then be washed off. At each force and
concentration, the extension was measured as a function of time. Time, force, and extension data
was collected during these experiments and used during the analysis process to obtain the
binding parameters of this complex.

Constant Force Measurements with ΛΛ-P
Drug molecules which bind to DNA through intercalation are known to extend the molecule a
certain distance (Δx) for each binding event.19 Finding that extension value and the rates at which
they occur is integral to understanding the DNA-drug interaction. Since these binuclear
ruthenium complexes bind relatively slow to the DNA, normal stretch-relax curves will not
provide enough time for the complex to reach the equilibrium binding mode. The most efficient
way to obtain the extension information is to stretch and hold the DNA molecule at a constant
force while flowing the complex. Example measurements (Force-Extension curves) obtained at
constant force 30 pN while flowing 2 nM complex and 50 nM complex are shown in Figure 23.
These experiments were carried out for enough time to allow the system to reach equilibrium.
You can see that the equilibrium extension obtained upon the binding of the complex is higher
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for 50 nM compared to 2 nM. Precision of the target constant force is within 1 pN and the
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Figure 23: DNA extension (red) observed while holding DNA at 30 pN force in the presence of 2 nM (left, purple) and 50 nM
(right, orange) -P complex concentration. DNA stretch and relaxation curve prior to introduction of drug solution to the
system is shown in black.

Time Dependence of Threading
The change in DNA length can be seen as a function of time for both of the forward (drug binding)
and reverse (drug washing) threading stages of the experiment (open circles in Figure 24).
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Figure 24: Graph of DNA extension vs. time due to drug binding events. Open circles represent
experimental data and curved line represents the exponential fit described by Equation 4.

DNA extension due to the binding of the -P complex can be described by a single exponential
equation of the form:31
𝐿(𝑡) = 𝐿0 + 𝐿𝑒𝑞 (1 − 𝑒 −𝑘𝑡𝑜𝑡 𝑡 )

(4)

Where 𝐿𝑒𝑞 is the equilibrium length that DNA extension converges to after binding to the -P
complex, 𝐿0 is the length of a DNA molecule in the absence of -P complex, and ktot is the net
binding rate. Although this is the drug binding portion of the experiment, it is important to note
that this is the net binding rate. While a number of drug molecules are binding to the DNA at this
point, some are also falling off due to collisions.
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A theoretical value for DNA extension for every time data point was estimated based on Equation
4, using 𝐿𝑒𝑞 , 𝐿0 , and ktot as variable parameters. Then the chi-squared sum was estimated based
upon equation 5.
𝜒 2 = ∑(𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 − 𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙)2

(5)

This sum is reduced as much as possible by varying the previously mentioned parameters (𝐿𝑒𝑞 , 𝐿0 ,
and ktot) using the data analysis solver tool in Microsoft Excel. This returns the best estimates of
those three parameters. The best fit obtained is shown as a solid line in Figure 24. This method is
used for every experimental data set, returning the total biding rate (ktot) and the DNA extension
upon equilibrium binding of the complex (𝐿𝑒𝑞 ) at that concentration.

At least a minimum of three sets of experiments were conducted for each concentration to obtain
an average for 𝐿𝑒𝑞 and ktot at that particular concentration. This was repeated for a total of 5
different concentrations while maintaining a constant force of 30 pN. The same exact procedure
was repeated for the same 5 concentrations while maintaining the DNA under a constant force of
20 pN (Figure 25). Although multiple experiments were run for each concentration to ensure
accuracy and precision, plots in Figure 25 only show a representative sample of each group, not
an average. The collection of all data sets used in this study can be found in Appendix C.
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Figure 25: Representative sample of DNA extensions obtained as function of time at 20 pN (left) and 30 pN (right) while flowing
different concentrations of ΛΛ-P. Single exponential fits (solid curves) to the experimental data (open circles) yields the total
binding rate of the complex and equilibrium lengthening of DNA upon binding to the complex.

Based on the shapes above, it’s easy to see that the total binding rate and equilibrium extension
upon binding to the complex are directly dependent on the concentration of drug solution
introduced to the system.19 This can also be seen in the values returned by the reduced chisquared method (Table 1).

ktot (s-1)

Concentration (nM)

ΔLeq (nm/bp)

20 pN

30 pN

20 pN

30 pN

2

0.009 ± 0.003

0.014 ± 0.008

0.018 ± 0.004

0.027 ± 0.006

10

0.013 ± 0.003

0.017 ± 0.002

0.046 ± 0.002

0.068 ± 0.003

20

0.015 ± 0.003

0.021 ± 0.006

0.065 ± 0.002

0.084 ± 0.004

50

0.018 ± 0.001

0.026 ± 0.005

0.084 ± 0.002

0.103 ± 0.002

100

0.026 ± 0.006

0.031 ± 0.004

0.093 ± 0.006

0.111 ± 0.005

Table 1: Average ktot values for both 20pN and 30pN forces at varying concentrations. Note that the net binding rate has direct
dependence on concentration for both forces. Errors in ktot found through standard deviation of the mean ktot values. ΔLeq values
at each concentration for both forces are also shown here.
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Washing away the Complex - Reverse Threading
The next logical step is to quantify the off rate of the drug molecules from the DNA. Once
equilibrium is reached, the molecules can be washed with a buffer solution. As the molecules fall
off of the DNA, it begins to return to its original length (open circles in Figure 26).
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Figure 26: Graph of DNA extension vs. time due to drug
dissociation. Open circles represent experimental data and curved
line represents the exponential fit described by Equation 6.

Drug molecules dissociate in a single exponential fashion described by the following expression:31
𝐿(𝑡) = (𝐿𝑒𝑞 − 𝐿0 )𝑒 −𝑘𝑜𝑓𝑓 𝑡 + 𝐿0

(6)

Where 𝑘𝑜𝑓𝑓 is the dissociation rate of the drug and 𝐿𝑒𝑞 𝑎𝑛𝑑 𝐿0 are the same as above in Equation
5. Dissociation is treated equally in data analysis, so the previously mentioned reduced chi squared
method applies here as well. With experimentally collected values for extension and time, we can
quantify the reverse threading rate 𝑘𝑜𝑓𝑓 (solid line in Figure 26).
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Each successful forward threading experiment shown in the previous section was accompanied
by its own reverse threading experiment. As a result, the same number of experiments were
completed for each force and the following graphs (Figure 27) show a selected representative
sample of each concentration, not an average value. Again, the collection of all data sets used in
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this study can be found in Appendix C.
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Figure 27: Representative sample of DNA extensions obtained as function of time at 20 pN (left) and 30 pN (right) while flowing
buffer solution allowing drug molecules to dissociate. Single exponential fits (solid curves) give the net rate of dissociation.

Based on the shapes above, it’s easy to see that the net binding rate is independent of the
concentration of drug solution introduced to the system.19 This can also be seen in the values
returned by the reduced chi-squared method (Table 2).
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koff (s-1)

Concentration (nM)

20 pN

30 pN

2

(5.5 ± 0.7) x 10-3

(7.0 ± 1.1) x 10-3

10

(6.2 ± 1.2) x 10-3

(6.7 ± 1.1) x 10-3

20

(5.7 ± 1.5) x 10-3

(5.7 ± 0.6) x 10-3

50

(5.9 ± 0.7) x 10-3

(5.4 ± 0.4) x 10-3

100

(4.9 ± 0.7) x 10-3

(5.3 ± 0.5) x 10-3

Average

(5.8 ± 0.4) x 10-3

(6.2 ± 0.7) x 10-3

Table 2: Average koff values for both 20pN and 30pN forces at varying concentrations. Note that the dissociation rate has no
dependence on concentration for both forces. Errors in koff found through standard deviation of the mean koff values at each
concentration. Because koff show no concentration dependence, an average value is taken to represent the off rate of the
complex

Binding Affinity
Binding affinity is defined as the potential bond strength between a chemical ligand and its
receptor. For a one dimensional lattice like DNA, employing the modified form of McGhee von
Hippel Isotherm at a particular force allows for the quantification of a molecule’s affinity:
Θ(𝐾𝑑 , 𝑛) =

𝐶
𝐾𝑑

𝑛(1 − Θ)𝑛
Θ 𝑛−1
(1 − Θ + 𝑛 )

(7)

where 𝐾𝑑 is the dissociation constant (a measure of affinity that will be discussed later in the
section), 𝐶 is drug concentration, Θ is the fractional equilibrium binding, and n is the binding site
size.19
Fractional equilibrium binding represents the fraction of base pairs with ligands bound at
equilibrium and therefore may carry any value between 0 and 1.
𝐿𝑒𝑞 values measured from fitting the constant force extensions as function of time (Table 1) are
used to calculate experimentally derived Θ values at a particular force and concentration with
the following expression.
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Θ(C, F) =

𝐿𝑒𝑞 (𝐶, 𝐹) − 𝐿0 (𝐹)
Δ𝐿𝑠𝑎𝑡 (𝐹)

(8)

Where 𝐿0 is the length of the DNA molecule at that force and Δ𝐿𝑠𝑎𝑡 is the difference in length
between a DNA molecule in the absence of the ligand and one that is fully saturated with the
complex at that force.19 We once again employ the reduced chi-squared analysis method to
obtain an accurate value for 𝐾𝑑 for each data set. We do this by creating theoretical Θ values
using Equation 7 and summing the squared differences between those values and our
experimental ones. This sum is then reduced as much as possible by allowing variables Δ𝐿𝑠𝑎𝑡 and
𝐾𝑑 to vary. This returns the greatest possible fit and the best estimates of those three
experimental values (Figure 28).
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Figure 28: Plots showing Fraction Bound vs. Concentration data for both 20pN (left) and 30pN (right). Actual recorded forces and
errors were 21.3 ± 0.7 pN and 30.1 ± 1.1 pN. Fraction Bound refers to the fraction of the DNA molecule to which -P molecules
are bound. Curved lines are fits determined by the McGhee von Hippel isotherm (Equation 7). It can be seen that additional data
was collected at 500 nM (pink) to indicate the saturation concentration for this molecule.

The dissociation constant (𝐾𝑑 ) is the value we are especially interested in at this point in data
analysis (Table 3). It is the concentration at which the DNA molecule is 50% saturated. By this
definition, high binding affinity is synonymous with a low dissociation constant.

Force (pN)

Kd (nM)

21.3 ± 0.7

22.8 ± 2.0

30.1 ± 1.1

13.2 ± 1.4

Table 3: Kd values obtained from McGhee von Hippel fits for both 20 pN and 30 pN forces. Actual measured forces and errors
shown in table.
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The uncertainty in 𝐾𝑑 (𝐹) reported in Table 3 were calculated with the χ2 + 2.3 method. With two
variable parameters, we increase our minimized χ2 value by 2.3 to maintain confidence in our fit
within one standard deviation.32 This allows 𝐾𝑑 to vary slightly to satisfy the new chi squared
value. The difference between the minimum and maximum 𝐾𝑑 values found this way divided by
2 yields the uncertainty of 𝐾𝑑 . This returns a good approximation for error in our variable
parameter 𝐾𝑑 .

Kinetics
With the information gathered about force dependent rates (𝑘𝑡𝑜𝑡 , 𝑘𝑜𝑓𝑓 ) and dissociation
constants (𝐾𝑑 ) it is possible to calculate the forward and reverse threading rates (𝑘𝑜𝑛 , 𝑘𝑜𝑓𝑓 ) as
functions of force:19
The total rate of binding discussed in previous sections (𝑘𝑡𝑜𝑡 ) can be defined as:
𝑘𝑡𝑜𝑡 = 𝑘𝑜𝑛 + 𝑘𝑜𝑓𝑓

(9)

Also for bimolecular processes, the dissociation rate can be expressed as the ratio between the
off rates and association rate:

𝐾𝑑 =

𝑘𝑜𝑓𝑓
𝐶𝑘𝑜𝑛

(10)

Combining the above two equations (9 & 10) 𝑘𝑜𝑛 can be expressed by the following equation.

𝑘𝑜𝑛 (𝐹, 𝐶) =

𝑘𝑡𝑜𝑡 (𝐹)
𝐾 (𝐹)
1 + 𝑑𝐶
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(11)

This allows us to estimate the on rates at a particular force and concentration (𝑘𝑜𝑛 (𝐹, 𝐶)) based
upon the measured total rate (𝑘𝑡𝑜𝑡 (𝐹)) and dissociation constant (𝐾𝑑 (𝐹)). Once we know
𝑘𝑜𝑛 (𝐹, 𝐶) it is also possible to obtain 𝑘𝑜𝑓𝑓 (𝐹, 𝐶) using Equation 9 and compare our measured
𝑘𝑜𝑓𝑓 values with those derived from theory.33 For each force, these can be graphed together and
given a line of best fit through linear regression analysis (Figure 29).
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Figure 29: Graphs showing kon values (green) and koff values (red) estimated from measured total rates and dissociation
constant, and directly measured koff values (blue) for 20 pN (left) and 30pN (right). Solid lines are given by linear regression
analysis.

The point where these lines intersect in Figure 29 should give the value for 𝐾𝑑 based on this
method of analysis (Equation 11). This can be achieved simply by setting both linear equations
equal and solving for x (the intersection point). 𝐾𝑑 values returned by this method of analysis
were 19.8 ± 4.4 nM and 7.3 ± 5.2 nM for 20 pN and 30 pN respectively. Errors in these values
were propagated based on the errors obtained in both slope and y-intercept from linear
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regression. These values agree well within error with those returned by the McGhee von Hippel
analysis method (Table 3), supporting the validity of our results.
The association rate for a bimolecular process is defined as:
𝑘𝑜𝑛 = 𝐶𝑘𝑎
It is also possible to quantify the association constant (ka) from the slope of the line through the
kon values in Figure 29 (shown in Table 4).

Force (pN)

ka (s-1 M-1)

21.3 ± 0.7

(2.0 ± 0.2) x 105

30.1 ± 1.1

(2.4 ± 0.2) x 105

Table 4: Ka values for both 20 pN and 20 pN forces given by the slope of the line through the calculated kon data. Actual
measured forces and errors shown in table.
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Conclusion and Discussion
The main purpose of this study has been to quantify the binding characteristics of this particular
small molecule in order to make a comparison to a similar, previously studied molecule ΔΔ-P (ΔΔ[µ-bidppz(phen)4Ru2]4+). ΔΔ-P shares all the same physical characteristics as ΛΛ-P, except for the
difference in chirality of the phenanthroline rings on each end of the molecule (Figure 11).
Because DNA itself is a chiral molecule, there is reason to believe that the chirality of any small
molecules with which it interacts holds some importance. Furthermore, B-form DNA (the form
most abundantly found in vivo and used in this study) is well-known to be right chiral and as a
result, one can speculate that the side chains of right chiral small molecules should more easily
lie within its grooves. In fact, past experiments done with left and right chiral mononuclear
ruthenium complexes support that speculation.34 However, it has been unclear whether or not
chirality plays the same role in small molecule interactions when discussing threaded
intercalation. It has been the goal of this project to work towards answering that question.

Force (pN)

Kd (nM)
ΛΛ-P

ΔΔ-P1

20

22.8 ± 2.0

19

30

13.2 ± 1.4

10

1Almaqwashi, A.

A. et al. Strong DNA deformation required for extremely slow DNA threading intercalation by a binuclear
ruthenium complex. Nucleic Acids Res 42, 11634-11641, doi:10.1093/nar/gku859 (2014). (Values estimated from graphs)

Table 5: Kd values for both ΛΛ-P and ΔΔ-P at 20 pN and 30 pN. Note that they are very similar in value. This is most likely due to
them sharing the same bridging moiety dipyridophenazene (dppz) which is the part of the molecule which intercalated with
DNA.
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The results presented in Table 5 support all speculation mentioned above. Both of these
molecules share very similar values for their dissociation constants (Kd) as it is generally accepted
that Kd values of the same order of magnitude are essentially treated as equals. This is most likely
due to them sharing the same bridging moiety dipyridophenazene (dppz) which is the part of the
molecule which intercalated with DNA. The intercalation of dppz is the main contributor towards
the binding affinity. The slight increase of the dissociation constant of ΛΛ-P may suggest that
chirality plays some minor role in the binding affinity of these molecules. The right chiral
molecules can more easily lie it the grooves of right chiral DNA, while the left chiral ΛΛ-P opposes
that natural handedness.

ka (s-1 M-1)

Force (pN)

koff (s-1)

ΛΛ-P

ΔΔ-P1

ΛΛ-P

ΔΔ-P1

20

(2.0 ± 0.2) x 105

5 x 104

(5.8 ± 0.4) x 10-3

4 x 10-3

30

(2.4 ± 0.2) x 105

1 x 105

(6.2 ± 0.7) x 10-3

3 x 10-3

1Almaqwashi, A.

A. et al. Strong DNA deformation required for extremely slow DNA threading intercalation by a binuclear ruthenium complex. Nucleic Acids Res 42, 11634-11641,
doi:10.1093/nar/gku859 (2014). (Values estimated from graphs)

Table 6: Reported ka and koff values for both ΛΛ-P and ΔΔ-P at 20 pN and 30 pN. According to this data, ΛΛ-P possesses must
faster association rates as well as off rates. This suggests that the right chirality of ΔΔ-P creates a much stronger locking
mechanism with the DNA.

Based on the binding kinetics reported in Table 6, ΛΛ-P also possesses a faster association rate
(ka) at both forces when compared to ΔΔ-P. ΔΔ-P was reported to have a force dependent
dissociation rate (koff), while the dissociation rate of ΛΛ-P seems to be force independent within
uncertainties and much faster than ΔΔ-P. This suggests that the right chirality of ΔΔ-P causes a
much stronger locking mechanism to DNA than the left chirality of ΛΛ-P. More explicitly ΛΛ-P
requires no force facilitation or DNA deformation in order for it to dissociate from DNA, while
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ΔΔ-P will remain locked until a certain force is applied. Although we are confident in the results
of the experiments conducted so far, at least a third force is necessary to completely characterize
this molecule. Stronger arguments can be made when these binding parameters are extrapolated
to the zero force limit. This will give us the details of the structural changes undergone by the
DNA to determine the binding mode of the complex.

50

Future Plans

In order to fully characterize this small molecule and make appropriate comparisons to others,
more work must be done. With data collected at three or more constant forces, it is possible to
extrapolate both the dissociation constant and kinetics to the zero force limit using the following
equations.

𝐾𝑑 (𝐹) = 𝐾𝑑 (0)𝑒

−

𝐹Δ𝑥𝑒𝑞
𝑘𝐵 𝑇

(12)

𝑥𝑜𝑛 𝐹

𝑘𝑎 (𝐹) = 𝑘𝑎 (0)𝑒 𝑘𝐵 𝑇

𝑘𝑜𝑓𝑓 (𝐹) = 𝑘𝑜𝑓𝑓 (0)𝑒

𝑥𝑜𝑓𝑓 𝐹
𝑘𝐵 𝑇

(13)

(14)

This also allows us to obtain Δxon (DNA extension needed to thread a small molecule), Δxoff (DNA
extension necessary for the small molecules to unthread), and Δxeq (DNA extension when small
molecules are in their equilibrium intercalated state). These values make it possible to more
deeply understand the DNA conformational changes undergone during its interaction with this
small molecule and the binding mechanism.
Due to time constraints, the completion of three forces was not possible during this project.
Moving forward, we plan on collecting data for at least one more force in order to fully
characterize this molecule. This will allow us to make a much more comprehensive comparison
to other similar molecules and make much stronger arguments regarding their binding
mechanisms.
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Appendix A: Image of Flow Cell Seen During Experimentation

Figure 30: Screen capture taken during experimentation. Image shows two beads: one caught in the optical trap (right) and
another attached to the micropipette via suction (left). In this image, a single DNA molecule is tethered between the two beads,
but cannot be seen due to its small size (about 2 nm in diameter).
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Appendix B: Precisions of Force Measurements
All results reported in this study are a direct result of completed constant force experiment at
both 20 pN and 30 pN forces. Because of this, our ability to maintain these forces during
experimentation is integral to the quality of our results. Forces on the order of pN are entirely
undetectable by humans, but would have serious effects on these experiments. To ensure any
surrounding vibrations have minimal effect, all experiments are completed on a floating optical
table. This table dampens any vibrations caused by outside sources (people walking in the
building, cars and trains moving outside). Figure 31 shows how well we are able to maintain our
target constant force for the duration of our experiments.
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Figure 31: Force vs. time data for the duration of a constant
force experiment to emphasize the precision of our constant
force measurements. Average reported force over the course of
~ 650 s was 30.14 pN and minimum and maximum force
readings were 29.37 pN and 30.89 pN giving us noise on the
order of < 1 pN.
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Force precision is made possible by an integrated force-feedback loop mechanism employed by
the software which controls the stage movement. To begin an experiment, the user is required
to enter two parameters: target force and force threshold. During the experiment, the stage
moves the appropriate distance to achieve the target force. As small molecules bind to the DNA,
it is extended a particular length. This extension causes some slack in the DNA molecule which
lessens the tension within it. This drop in force is recognized and the stage is moved the
appropriate distance to reestablish the target force. The magnitude of the force drop allowed
before position readjustment is determined by the force threshold value. The force threshold
may be varied depending on the particular experiment. For example, when running high
concentration experiments the DNA is lengthened at a much faster rate. This causes a more
drastic and frequent drop in the force felt by the DNA. To compensate for this, a force threshold
value may be lessened. This lowers the allowed deviation from the target force during the
experimentation, causing the program to respond more quickly in readjusting the stage position.
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Appendix C: Collection of All Data Sets Used in this Study
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Figure 32: All forward threading data sets collected during this study and used during data analysis. 3 experiments were
completed for five different concentrations for both 20 pN (left) and 30 pN (right). Note how all like-concentrations group
together at both forces. A great number of experiments were completed to ensure all data sets for the same concentration were
in agreement with each other.
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Figure 33: All reverse threading data sets collected during this study and used during data analysis. 3 experiments were
completed for five different concentrations for both 20 pN (left) and 30 pN (right).

55

References
1
2
3
4

5
6
7
8
9
10
11
12
13
14
15
16

17
18
19

20
21

Mendel, G. Experiments in Plant Hybridization Proceedings of the Natural History Society of Brünn
(1866).
Dahm, R. Discovering DNA: Friedrich Miescher and the early years of nucleic acid research. Hum
Genet 122, 565-581, doi:10.1007/s00439-007-0433-0 (2008).
Griffith, F. The Significance of Pneumococcal Types. J Hyg (Lond) 27, 113-159 (1928).
Avery, O. T., Macleod, C. M. & McCarty, M. Studies on the Chemical Nature of the Substance
Inducing Transformation of Pneumococcal Types : Induction of Transformation by a
Desoxyribonucleic Acid Fraction Isolated from Pneumococcus Type Iii. J Exp Med 79, 137-158
(1944).
Levene, P. A. The Structure of Yeast Nucleic Acid. J. Biol. Chem. (1919).
Chargaff, E., Lipshitz, R., Green, C. & Hodes, M. E. The composition of the deoxyribonucleic acid
of salmon sperm. J Biol Chem 192, 223-230 (1951).
Watson, J. D. & Crick, F. H. Molecular structure of nucleic acids; a structure for deoxyribose nucleic
acid. Nature 171, 737-738 (1953).
Franklin, R. E. & Gosling, R. G. Evidence for 2-chain helix in crystalline structure of sodium
deoxyribonucleate. Nature 172, 156-157 (1953).
Watson, J. D. & Crick, F. H. The structure of DNA. Cold Spring Harb Symp Quant Biol 18, 123-131
(1953).
Alberts, B. DNA replication and recombination. Nature 421, 431-435, doi:10.1038/nature01407
(2003).
Alberts, B. Molecular Biology of the Cell 4edn, (Garland Science, 2002).
Nyanguile, O., Uesugi, M., Austin, D. J. & Verdine, G. L. A nonnatural transcriptional coactivator.
Proc Natl Acad Sci U S A 94, 13402-13406 (1997).
Rosenberg, B., Vancamp, L. & Krigas, T. Inhibition of Cell Division in Escherichia Coli by Electrolysis
Products from a Platinum Electrode. Nature 205, 698-699 (1965).
McCauley, M. J. & Williams, M. C. Optical tweezers experiments resolve distinct modes of DNAprotein binding. Biopolymers 91, 265-282, doi:10.1002/bip.21123 (2009).
Barton, J. K., Danishefsky, A. & Goldberg, J. Tris(phenanthroline)ruthenium(II): stereoselectivity in
binding to DNA. Journal of the American Chemical Society 106, 2172-2176 (1984).
Bergamo, A., Masi, A., Jakupec, M. A., Keppler, B. K. & Sava, G. Inhibitory Effects of the Ruthenium
Complex KP1019 in Models of Mammary Cancer Cell Migration and Invasion. Met Based Drugs
2009, 681270, doi:10.1155/2009/681270 (2009).
Odom, D. T., Parker, C. S. & Barton, J. K. Site-specific inhibition of transcription factor binding to
DNA by a metallointercalator. Biochemistry 38, 5155-5163, doi:10.1021/bi9827969 (1999).
Paramanathan, T. et al. Mechanically manipulating the DNA threading intercalation rate. J Am
Chem Soc 130, 3752-3753, doi:10.1021/ja711303p (2008).
Almaqwashi, A. A. et al. Strong DNA deformation required for extremely slow DNA threading
intercalation by a binuclear ruthenium complex. Nucleic Acids Res 42, 11634-11641,
doi:10.1093/nar/gku859 (2014).
Lincoln, P. N., B. Binuclear ruthenium(II) phenanthroline compounds with extreme binding affinity
for DNA. Chem. Commun., 2145-2146 (1996).
Ashkin, A. & Dziedzic, J. M. Optical trapping and manipulation of viruses and bacteria. Science 235,
1517-1520 (1987).

56

22
23
24
25
26
27
28
29
30
31

32
33

34

Chu, S., Bjorkholm, J. E., Ashkin, A. & Cable, A. Experimental observation of optically trapped
atoms. Phys Rev Lett 57, 314-317, doi:10.1103/PhysRevLett.57.314 (1986).
Wang, M. D., Yin, H., Landick, R., Gelles, J. & Block, S. M. Stretching DNA with optical tweezers.
Biophys J 72, 1335-1346, doi:10.1016/S0006-3495(97)78780-0 (1997).
Bustamante, C., Smith, S. B., Liphardt, J. & Smith, D. Single-molecule studies of DNA mechanics.
Curr Opin Struct Biol 10, 279-285 (2000).
Williams, M. C. in Optical Tweezers: Measuring Piconewton Forces, Single Molecule Techniques
(ed L. DeFelice) (Biophysical Society, 2002).
Williams, M. C., Rouzina, I. & Bloomfield, V. A. Thermodynamics of DNA interactions from single
molecule stretching experiments. Acc Chem Res 35, 159-166 (2002).
McCauley, M. J. & Williams, M. C. Mechanisms of DNA binding determined in optical tweezers
experiments. Biopolymers 85, 14 (2007).
Baumann, C. G., Smith, S. B., Bloomfield, V. A. & Bustamante, C. Ionic Effects On the Elasticity Of
Single DNA Molecules. Proc. Natl. Acad. Sci. 94, 6185-6190 (1997).
Marko JF, S. E. Stretching DNA. Macromolecules 28, 8759-8770 (1995).
Smith, S. B., Finzi, L. & Bustamante, C. Direct mechanical measurements of the elasticity of single
DNA molecules by using magnetic beads. Science 258, 1122-1126 (1992).
Chaurasiya, K. R., Paramanathan, T., McCauley, M. J. & Williams, M. C. Biophysical
characterization of DNA binding from single molecule force measurements. Phys Life Rev 7, 299341, doi:10.1016/j.plrev.2010.06.001 (2010).
Wall, J. V. Practical Statistics for Astronomers - II. Correlation, Data-modelling and Sample
Comparison. Quarterly Journal of the Royal Astronomical Society 37, 519-563 (1996).
Paramanathan, T., Vladescu, I., McCauley, M. J., Rouzina, I. & Williams, M. C. Force spectroscopy
reveals the DNA structural dynamics that govern the slow binding of Actinomycin D. Nucleic Acids
Res 40, 4925-4932, doi:10.1093/nar/gks069 (2012).
Vladescu, I. D., McCauley, M. J., Nunez, M. E., Rouzina, I. & Williams, M. C. Quantifying forcedependent and zero-force DNA intercalation by single-molecule stretching. Nat Methods 4, 517522, doi:10.1038/nmeth1044 (2007).

57

